We explore the effects of Co-doping on the electronic properties of lead titanate via DFT calculations and experimental studies. Powder diffractometry data are consistent with Co-ions replacing Pb-ions within the perovskite framework. DFT shows a reduced oxygen binding energy and decreased band gap as a result of doping within the PbTiO3 lattice. Both 207 Pb NMR and UV-vis spectroscopy are consistent with the DFT calculations, though the relativistic effects associated with the Pb nucleus limit the agreement between NMR observations and calculations.
I. INTRODUCTION
Storage of solar energy in chemical bonds can catalyze off-grid energy technologies, such as local fuel production and utilization of the fuel to produce personalized electricity via fuel cells. Two competing approaches dominate the conversion of the sunlight to chemicals for energy conversion: (i), direct photovoltaic conversion of light to electrons which are subsequently used for production of hydrogen or even hydrocarbons 1,2 ; (ii), direct conversion of solar energy in photocatalytic and/or thermal reactions to yield hydrocarbons 3 . Photovoltaicbased technologies are too expensive to penetrate markets for industrial scale chemicals production, and photocatalysis has yet to overcome the limitations of very small conversions 4 . Nevertheless, the successful development of a synthetic solar to chemical conversion technology could be very quickly integrated into the existing fossil fuel-based energy carrier infrastructure.
Recently emerging solar thermochemical cycles 5-8 seek stable materials that can undergo cycles between a high temperature reduction (or thermal decomposition) and a relatively low temperature oxidation using H 2 O or CO 2 . At the end of such a cycle, however, H 2 and/or CO can be produced. Even the possibility of producing higher hydrocarbons 3,9 can be realized when both H 2 O and CO 2 are simultaneously used.
Energetically the most demanding step in both solar thermochemical and photocatalytic methodologies is the elimination of oxygen from the cycle. Perovskites emerge as potentially promising candidates 10 based on a thermodynamic analysis of oxygen vacancy formation 11, 12 . In the present work we explore Pb 1−x Co x TiO 3 as a candidate for oxygen carrier for two reasons. First, PbTiO 3 is itself a good visible light photocatalyst 13 , thus acting as an oxidizer and its structural and electronic properties are well known. Second, together with the oxides of Co, PbO x can exchange all of its oxygen at relatively low temperatures 14 , a feature exploited as a source of oxygen for the oxidation of diesel soot.
In this work, we report characterization of the synthesized Pb 1−x Co x TiO 3 materials with particular attention to solid-state 207 Pb NMR spectroscopy, where the effect of Co was reflected in the chemical shifts and the lineshapes of the signal. Density functional theory (DFT) will be used to elucidate the source of the NMR shifts as well as the changes in the electronic structures and in the UV-vis spectra of Co doped PbTiO 3 .
II. MATERIALS AND METHODS
Preparation of Pb 1−x Co x TiO 3 (x = 0.1 and 0.5) powder A non-hydrolytic sol-gel method was used to prepare the samples. The method was based on formation of a glass network in the absence of acidic solution. In this method, titanium isopropoxide (1 M) was dissolved in a 50 vol% mixture of anhydrous ethyl-alcohol and glacial acetic acid under constant stirring for 5 minutes. Appropriate amounts of lead acetate (0.9 and 0.5 M) and cobalt nitrate (0.1 and 0.5 M) were dissolved in anhydrous ethyl-alcohol under constant stirring (15 minutes). The latter solution is added to the titanium isopropoxide solution and stirred for further 30 minutes. Then citric acid (4 M) was ground properly and extremely fine powder was gradually added to the metal solution under stirring. Finally, the obtained pink gel was placed in an oven and kept there for 24h at 120
• C, then calcined for 3h at 650
• C.
Characterization
Powder X-ray Diffraction (XRD) Powder X-ray diffraction (XRD) patterns for Pb 1−x Co x TiO 3 (x = 0.1 and 0.5) were recorded at ambient conditions using a Rigaku Ultima instrument with Cu K radiation (= 1.5408Å), operated at an accelerating voltage of arXiv:1803.03048v1 [cond-mat.str-el] 8 Mar 2018
40 kV, and emission current of 44 mA. The scanning range was between 2θ = 20
• and 60
• with a step size of 0.02
• and a scan speed of 2 • /min. The crystallite sizes of the PbTiO 3 perovskite phase were determined by applying the Debye-Scherrer equation to the peaks at 2θ = 31.68
• . The diffraction patterns were analyzed using PDXL software provided by Rigaku.
UV-vis Spectroscopy UV-visible diffuse reflectance spectra (DRS) were obtained in the range between 200 and 700 nm using a Varian-Carry 100 double beam UV-vis spectrophotometer. 
Solid

III. COMPUTATIONAL DETAILS
The density functional calculations have been performed with the Vienna ab-initio simulation package (VASP) 15 using the projector-augmented wave (PAW) method 16, 17 . The single particle states have been expanded in plane waves up to a kinetic energy cutoff value of 400 eV. The exchange and correlation effects were taken into account using both the standard gradientcorrected Perdew-Burke-Ernzerhof (PBE) 18 and hybrid Heyd-Scuseria-Ernzerhof (HSE) [19] [20] [21] schemes. The standard density functionals lack the proper selfinteraction cancellation between the Hartree and exchange terms, which leads to band gap underestimation. The screened Coulomb hybrid density functional, HSE [19] [20] [21] , partially incorporates the exact Fock exchange and the PBE 18 exchange energies. The HSE 19-21 correlation energy and the long-range (LR) part of the exchange energy is taken from the PBE 18 functional. The shortrange (SR) part of the exchange energy is mixed with the PBE counterpart using η as the mixing coefficient 22 as,
where the ω is the range separation parameter.
19-21 Recently introduced HSE12s
23 functional optimizes these parameters to reduce the Fock exchange length scale without losing the overall accuracy of HSE06 20 significantly. This range separated hybrid density functional approach improves the band gap related properties over the standard exchange-correlation (XC) schemes and offers a better description of localized d states of transition metals. In particular, the position and dispersion of possible Co-driven gap states are important for Co-doped PbTiO 3 .
The conventional unit cell structure of PbTiO 3 is shown in Fig. 1 . Computationally, Pb 1−x Co x TiO 3 (x = 0.125, 0.25, and 0.5) systems have been modeled using a 2×2×2 supercell structure. The Brillouin zone integrations have been carried out over a Γ-centered 8×8×8 k-point grid. Atomic positions were fully optimized selfconsistently until the Hellmann-Feynman forces on each ion in each cartesian direction to be less than 0.01 eV/Å.
IV. RESULTS & DISCUSSION
At 325 K, PbTiO 3 forms in the tetragonal phase having P 4mm space group symmetry with cell parameters a = 3.899Å and c = 4.138Å. 24 The PBE-calculated lattice constants are a = 3.899Å and c = 4.130Å while HSE12s functional gives a = 3.864Å and c = 4.018Å. The PBE results agree very well with the experimental values. On the other hand, the c parameter relaxed by using the hybrid HSE12s method is smaller than the experimental one by 2.9%.The atomic coordinates, relaxed using PBE and HSE12s XC functionals, are presented in Table I . Both functionals slightly underestimate the anisotropy of the unit cell, suggesting more sophisticated DFT methods are required to more correctly predict the bonding characteristics.
In order to compare different doping models, we considered Co substitution both for Pb and for Ti ions, separately, in the 2×2×2 cell using
where E PCTO and E PTO are the cell energies of Co doped and undoped PbTiO 3 . The energy of a single metal ion, E Ti/Pb/Co , is obtained from their bulk phases. The calculations show that an isolated Co doping at the Pb site requires 1.89 eV whereas Co and Ti substitution requires up to 7.09 eV. The crystal structure of the perovskites are presented in Fig.1 . The Figure 2 shows the powder XRD patterns of our samples PbTiO 3 , Pb 0.9 Co 0.1 TiO 3 , and Pb 0.5 Co 0.5 TiO 3 . The diffraction peaks at 2θ angles appeared in the spectra are tabulated in Table II for sample Pb 0.5 Co 0.5 TiO 3 along with the corresponding Bragg planes assigned to them indicating their perovskite lattice structure. In addition, both PbTiO 3 (x = 0) and Pb 0.9 Co 0.1 TiO 3 (x = 0.1) followed the same crystal pattern as Pb 0.5 Co 0.5 TiO 3 depicts, however, two significant differences are recognizable in these cases. It can be seen that in the case of PbTiO 3 (x = 0), a pure structure is obtained without any extra peak for impurities (e.g., TiO 2 and PbO). In the case of Pb 0.9 Co 0.1 TiO 3 , however, there is an extra peak at 28.92 • that is attributed to residual PbO. All remaining peaks can be indexed to a tetragonal perovskite structure. Notwithstanding the explained impurities, insertion of Co into the structure of PbTiO 3 leads to a significant increase in 2θ. This is readily interpreted in the context of ionic radii given that the ionic radii of the Co 3+ /Co 2+ (0.6 and 0.7Å, respectively) and Ti 4+ (0.68 A) ions are approximately the same. Thus, a dramatic shift in peak position to higher angles should occur if Pb 2+ (1.20Å) ions are replaced with cobalt ions which have relatively smaller radii. In contrast, the insertion of the cobalt ion in place of titanium with respect to the same radii leads to an insignificant shift in peak positions to lower angles 26, 27 .
Crystallite sizes were estimated from broadening of the (101) peak and using the Scherrer's formula: 
B. Electronic structure
The oxygen vacancy formation energy can be formulated as
where E PCTO and E PCTO are the total cell energies of Pb 1−x Co x TiO 3 without and with an oxygen vacancy, respectively. E O is the energy of an oxygen atom in the O 2 molecule for which the calculation procedure is adopted from Ref. 28 The oxygen vacancy formation energies of O1 and O2 (as indicated in Fig. 1 ) have been presented in Table III for various Co doping concentrations. Oxygen removal from the undoped bulk system is as large as 5.28 eV per O1 and 5.14 eV per O2. As Co/Pb loading ratio increases from 12.5% to 50% oxygen binding energy significantly decreases. The more drastic drop occurs for O1 which lies on the Pb-O plane where the Co substitution takes place. Fig.3(a) and 3(b) show the electronic energy bands and the corresponding partial and total densities of states (DOS) for bulk PbTiO 3 using PBE and HSE12s DFT functionals, respectively. The main differences are in the band gaps and band widths of the groups of bands in energy scale, but the dispersions along various symmetry directions look very similar. In Fig. 3(a) , the indirect band gap (XΓ) is about 1.5 eV and the width of the valence band (VB) is approximately 8.5 eV, whereas in Fig. 3(b) this gap is about 2.8 eV in much better agreement with the experiment (2.7 eV) than PBE, and the VB width is close to 9 eV. The single band starting from 1.3 eV below the valence group has a width of 2.5 eV and mostly of Pb-6s character, and the core level, mostly of O-2s character, is at −16.5 to −18 eV in (a), whereas the same bands in (b) are 0.3 eV below VB with a width of 2.6 eV, and the core level shifts more than 3 eV downward and disperses from −20.2 to −21.8 eV.
The results suggest that the HSE12s functional relatively better describes electronic and related properties of these physical systems. Therefore, we obtained the partial and total DOS of Co doped PbTiO 3 as shown in Fig. 4 using the HSE12s functional. There is no energy band gap state seen due to the introduction of Co impurity at both 25% and 50% concentrations. The contribution of Co largely seems at the upper part of the valence band which indicates coordination with oxygen. Both band gaps are clean and read 2.34 eV and 2.17 eV, respectively, for Pb 1−x Co x TiO 3 (x = 0.25, 0.5).
C. UV-visible diffuse reflectance spectroscopy UV-visible reflectance spectra of all the samples are shown in Fig.5 . The main absorption peaks of Pb 1−x Co x TiO 3 (x = 0, 0.1, 0.5) in the regions 250 -400 nm due to octahedrally coordinated Ti 4+ species 29, 30 . This band shifted to a higher wavelength in the presence of cobalt. In addition, the absorption spectra had a steeper absorption edge, which was similar to the results reported by Do et al. 31 The results indicated that addition of cobalt enhanced absorption in the visible region and the band gaps increased with cobalt content. The band gaps of the materials were determined from the intercept of Fig.5 as Pb 1−x Co x TiO 3 (x = 0, 0.1, and 0.5) are 2.7, 2.56, and 2.14 eV, respectively.
D. NMR shifts
The Figure 6 shows the 207 Pb NMR spectra obtained from the parent PbTiO 3 and two Co-doped compounds. The parent PbTiO 3 spectrum is consistent with literature results 33 : our experimental values are δ iso = −1396 ppm, δ xx = δ yy = −1129 ppm The NMR spectra for the doped compounds show a broadening and shift to increased (negative) chemical shifts. These shifts are compared in Table IV where the isotropic shifts are calculated using DFT, with the calculated results referenced to Pb(NO 3 ) 2 and Me 4 Pb:
where a single Pb(NO 3 ) 2 /Me 4 Pb molecule is considered in a large computational cell. As the fraction of cobalt increases from 0 to 50%, the isotropic shift is calculated to increase (negatively) by 138 ppm. A quantitative comparison experimental and DFT calculated shifts is complicated by the broadening that occurs in the experimental spectra with increasing cobalt content. Indeed, as shown in Table IV , the normalized, integrated intensity of the NMR data (the spin counts) indicate a slight decrease with increasing cobalt content, suggesting that not all environments could be monitored especially at high cobalt contents owing to the paramagnetic broadening that is expected with the addition of Co to the lattice. A semiquantitative estimate for the experimentally observed shift can be estimated using the first moment of the NMR lines
or from the spectral point of highest intensity (which, for the parent compound, matches δ xx and δ yy of the chemical shift powder pattern). Table IV shows that by these metrics the shift towards increasing negative ppm, as observed experimentally, is one the order of 500 ppm. This is consistent in sign with the calculations, but is larger in magnitude that those predicted by DFT. The difference between these calculated and experimental values are attributed to the relativistic effect pertaining to a heavy nucleus such as Pb 33 . It must be noted that, due to the symmetry chosen in the calculations, computed cobalt mole fractions were 0.125 while corresponding experimental data were obtained at x = 0.1. The NMR data are interpreted, however, as being consistent with the DFT electronic structure calculations.
V. CONCLUSIONS
In this work we report electronic structure calculations for lead titanate, as well as two cobalt-doped titanates. The calculations were informed by powder XRD patterns that show the cobalt atoms replace lattice lead atoms. The DFT electronic structure calculations were found to be consistent with UV-visible diffuse reflectance optical absorption and 207 Pb solid-sate NMR spectra. The addition of Co in PbTiO 3 structure decreases the band gap towards values that can be activated by visible light, as well as reducing the (calculated) binding energy of oxygen. These results portend their application as oxidants in opto-electrochemical systems.
